The mouse is increasingly important as a subject of vestibular research. Although many studies have focused on the vestibular responses of mice to angular rotation, the geometry of their semicircular canals has not been described. High-voltage X-ray computed tomography was used to measure the anatomy of the semicircular canals of two strains of mice, C57Bl/6J and CBA/CaJ. The horizontal plane of a stereotaxic coordinate system was defined by the midpoints of the external auditory meati and the point where the incisors emerge from the maxilla. The centroids of the lumens of the bony canals were calculated, and planes that describe the canals were fit using a least-squares regression analysis to the resulting points. Vectors normal to each regressed plane were used to represent the corresponding canal's axis of rotation, and angles of these vectors relative to skull landmarks as well as to each other were calculated. The horizontal canal of the mouse was found to be angled anteriorly upward 17.8-for CBA/CaJ and 32.6-for C57Bl/6J from the reference horizontal plane. Angles between ipsilateral canals deviated up to 12.3-from orthogonal, and angles between contralateral synergistic canals (left anterior-right posterior, right anterior-left posterior, and horizontal-horizontal) deviated from parallel by up to 14.8-. The orientations of the canals within the head as well as the orientations of the canals relative to each other were significantly different between the two strains, suggesting that care must be taken in the design and interpretation of developmental and physiologic studies involving different mouse strains.
INTRODUCTION
The mouse is an increasingly attractive subject for vestibular research, as more strains of mutant mice with abnormalities of the vestibular system become available (Ahituv and Avraham 2000; Anagnostopoulos 2002) . Eye movement studies of mice have become routine (Koekkoek et al. 1997; De Zeeuw et al. 1998; Stahl et al. 2000; van Alphen et al. 2001; Stahl, 2004) , and mouse afferent recordings have been reported both from intact animals (Park et al. 2005 ) and preparations using the isolated labyrinth (Lee et al. 2005) .
Anatomic studies have revealed that some mouse mutants, such as Otx1 (Acampora et al. 1996) , Ecl (Cryns et al. 2004) , Whl (Alavizadeh et al. 2001) , Obt, Todo, Dz, Cyn, Edy, Mt, and Lda (Kiernan et al. 2002) , and Crsl and Whi (Hawker et al. 2005) , show gross changes in the bony semicircular canals. In contrast, others, such as stargazer (Khan et al. 2004) , het (Paffenholz et al. 2004) , isk (Vetter et al. 1996) , tlt and mlh (Hurle et al. 2003) , Pmca2 (Kozel et al. 1998) , shaker/waltzer (Sun 2001) , and hscy (Longo-Guess et al. 2005) , have not been reported as having significant bony abnormalities. It is not known, however, if some of these animals may have relatively subtle changes in the anatomy of the temporal bone that have gone unnoticed. As the expected labyrinthine geometry (and, in particular, the orientations of the semicircular canals) in normal mice has not been described, no baseline exists against which these animals may be closely compared to evaluate them for such changes.
Studies attempting to maximize the response of a particular semicircular canal to head rotations require that the plane of the canal be placed in the plane of rotation. A stereotaxic needle held in a micromanipulator has been used to determine the planar geometry of the semicircular canals in several species, including rhesus and squirrel monkey (Blanks et al. 1985; Haque et al. 2003) , turtle (Brichta et al. 1988) , rabbit (Ezure and Graf 1984; Mazza and Winterson 1984) , guinea pig (Curthoys et al. 1975) , rat (Blanks and Torigoe 1989) , and man (Blanks et al. 1975a ). This technique, however, is unlikely to be practical or accurate for an animal as small as the mouse. In the toadfish (Ghanem et al. 1998 ) and in humans (Sato et al. 1992; Hashimoto 2003) , histologic preparations have been used to measure the dimensions of the semicircular canals as well as their anatomic planes within the skull. This technique has the advantage of allowing visualization of both the membranous duct and the bony canal, but is relatively time consuming and may be liable to shrinkage error during preparation or difficulty sectioning the specimen and registering the photographic images of histologic slices. Recently, computed tomography (Della Santina et al. 2005 ) and magnetic resonance images (Ichijo 2002) have also been used to estimate the canal planes in man.
High-voltage X-ray computed tomography, or microCT, is a recently developed technology that offers certain advantages over these previous techniques. MicroCT allows exact image registration with isotropic voxel dimensions as small as 6 mm per side (with the exact voxel dimension depending on the size of the object of interest). Here, we describe the orientations of the semicircular canals in two strains of mice using microCT technology. The results will provide a baseline against which mice with anatomic anomalies of the vestibular system may be compared and allow for more accurate positioning for physiologic testing of these increasingly important research animals.
METHODS
Analyses were conducted on four skulls of adult ( 9 8 weeks) C57Bl/6J mice and four skulls of adult CBA/CaJ mice obtained from Jackson Laboratory (Bar Harbor, ME, USA). C57Bl/6J is an inbred strain commonly used in biomedical research, including ear research, although it suffers from genetically related presbycusis ( Johnson et al. 2000) . The CBA/CaJ strain is also commonly used in research but does not suffer from the same hearing loss and is therefore particularly attractive for studies of the ear. The mice used here had been previously sacrificed without perfusion and prepared by manually removing the nonosseous tissue before gradual drying. The suture lines of the skulls of adult mice are not fused, and a possibility exists that the elements of the skull may have shifted during the drying process leading to erroneous measurements. To minimize this possibility, the skulls were kept intact, including the mandible and its supporting musculature and ligaments, during the drying process. All specimens were dried gradually, leading to a final product that remained symmetric and showed no evidence of warping. Prepared specimens were scanned in a microCT scanner (micro40, Scanco, Bassersdorf, Switzerland), which produced a series of coronal sections with isotropic voxels measuring 16 mm per side (Fig. 1) . Voxel size was determined by the scanner software based on the bore diameter (16 mm) of the smallest scanner tube able to fit the mouse skulls. The resulting threedimensional images were visualized using VideoMach (http://www.gromada.com/) and Volocity (http:// www.improvision.com/). Each semicircular canal was traced using custom-written software in Matlab (http://www.themathworks.com/, Natick, MA, USA). Individual bony canals were located as they passed through each slice, and the centroid of each canal's lumen was calculated. The centroids were determined for each canal from the ampulla through to the point where it reentered the vestibule (including the common crus for posterior and anterior canals). The canals were digitized using every slice up to the point where the two elliptical lumens of a particular semicircular canal joined into a single ellipse as the 
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CALABRESE AND HULLAR: Mouse Semicircular Canal Planes canal became tangent to the scanning slice (Fig. 2) . This technique does not sample the semicircular canal's circumference perfectly regularly, but previously published methods have resulted in similar small irregularities while still producing reliable results (Dickman 1996) , and a comparison of results obtained using this technique to an alternative using lumens from every slice had an insignificant effect on the orientation of the canal's plane. Reference points on the skull, including lambda, bregma, the midpoint of the posterior insertion of the maxillary incisors into the maxilla, and the midpoint of the external auditory canals, were also identified. The data points were initially oriented in an arbitrary frame of reference defined by the position of the skull in the CT scanner. To allow comparison among specimens, a uniform stereotaxic reference frame was chosen with a horizontal plane defined by the centers of the left and right auditory meati and the point where the posterior edges of the incisors emerge from the maxillary bone. This reference plane has been used previously in rodents (Sherwood and Timiras 1970; Curthoys et al. 1975) . Coordinates representing each data point were adjusted using the appropriate rotation matrices necessary to align the animal's skull into a standard right-handed xyz coordinate system, with the positive x-axis projecting out of the nose, the positive y-axis projecting out of the left ear, and the positive z-axis projecting dorsally. The origin of the three axes was defined by the midpoint of the interaural line.
Canal planes were determined using a leastsquares fit regression of a plane to the digitized centroids of each canal's lumen (Fig. 3) . The center of curvature of each canal was determined from the digitized centroids using a least-squares fit to a circle, and the radius of curvature was calculated by averaging the distance from the canal's center to the projection of each of the digitized points onto Fig. 4 ). To achieve three-dimensional effect, initially, view each row at extremely close range and allow each eye to focus on one image only. Slowly lengthen viewing distance until three images are present. The center image is a three-dimensional representation of the labyrinth.
FIG. 3.
Plan and elevation views of representative canal (posterior canal from labyrinth depicted in Fig. 2 ). The canal is depicted so that the best-fit plane to the data is parallel to the page in the plan view (upper left). Orthogonal elevation views are at right and below. Black dots: centroids of canal lumens; gray arc: curve fitted to centroids; small gray circle: center of fitted curve; dotted gray line: vector between fitted center and point giving greatest angle upward out of the canal plane; dashed gray line: vector between fitted center and point giving greatest angle downward out of the canal plane. Gap in data points reflects region where scanned slices were tangent to the curve of the canal and the centroids of the lumen could not be reliably determined, as discussed in the text.
the canal plane. The angles between the canal plane and the vector connecting the canal's center to each digitized centroid were also calculated. The maximum angles above and below the plane were summed to create a measure of the relative planarity of the canal, as previously described (Blanks et al. 1985) . Vectors representing each canal's orientation were determined by calculating a unit vector normal to each canal plane, with the polarity of the vector corresponding to the excitatory direction of rotation of the canal via the right-hand rule. The angle between pairs of canals was determined by calculating the arccosine of the dot product of each canal's unit vector (Ezure and Graf 1984) . In addition, the Bprime direction^for each canal was calculated. A canal's prime direction is the cross product of the vectors defined by the canal's two ipsilateral canals, with a rotation about the prime direction vector theoretically resulting in no response from the ipsilateral canals. Angles between the prime vectors were calculated in the same manner as the angles between the vectors normal to the canal planes.
RESULTS
In the C57Bl/6J mice, the interaural distance was 9.5 T 0.17 mm, and the distance from the incisors to the interaural line was 15.2 T 1.10 mm. In the CBA/CaJ mice, the interaural distance was 8.6 T 0.09 mm, and the distance from the incisors to the interaural line was 14.7 T 0.22 mm. In the population studied, the traced centroids of the canals formed an arc of 164.4-T 9.7-for the anterior canals, an arc of 159.5-T 11.2-for the posterior canals, and an arc of 136.1-T 15.2-for the horizontal canals. The radii of curvature of the semicircular canals are shown in Table 1 . Comparisons between strains indicate that there is no significant difference in the radii of particular canals between the tested strains of mice [analysis of variance (ANOVA), p 9 0.1]. However, pairwise comparison among the radii of ipsilateral canals reveals a significant difference in both strains (ANOVA, p G 0.05), with the anterior canals larger than the Arc formed by the centroids of each canal averaged across both strains of mice (n = 8). Average radii of curvature (mm) for each canal analyzed separately by strain (n = 4 per strain). No significant difference in radius is evident (p 9 0.1) when comparing each canal's radius between strains.
HC, horizontal canal; AC, anterior canal; PC, posterior canal.
TABLE 2
Center of canals for CBA/CaJ and C57Bl/6J mice in mm, relative to origin defined as center of interaural line Canal CBA/CaJ mice (n = 4) C57Bl/6J mice (n = 4) 
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CALABRESE AND HULLAR: Mouse Semicircular Canal Planes horizontal (1.4Â in C57Bl/6J and 1.5Â in CBA/CaJ) and posterior canals (1.3Â in both C57Bl/6J and CBA/CaJ). The averaged coordinates for the centers of each canal are shown in Table 2 . The maximum summed angle formed between the centroids above and below each canal and the regressed plane fit to that canal were 5.2-T 0.8-(CBA/CaJ) and 5.9-T 2.0-(C57Bl/6J) for the posterior canal plane, 3.8-T 1.5-(CBA/CaJ) and 8.4-T 3.1-(C57Bl/6J) for the horizontal canal plane, and 8.4-T 1.7-(CBA/CaJ) and 12.6-T 1.1-(C57Bl/6J) for the anterior canal plane. Calculation of the orientation of the canal plane vectors showed that the length of at least one vector component was significantly different between the two strains for each canal, indicating a strain-specific difference in orientation of that canal. Table 3 presents the components of the averaged normal unit vectors for each canal in both the CBA/CaJ and C57Bl/6J strains. The same information is presented in graphical format in Fig. 4 , with both individual unit vectors and averaged vectors displayed.
Angles between ipsilateral canal unit normal vectors and contralateral synergistic canal normal unit vectors (right anterior-left posterior; left anterior-right posterior; horizontal-horizontal) are reported in Table 4 . Ipsilateral canals showed a range of deviations of 1.6--11.3-(C57Bl/6J) and 0.4--12.3-(CBA/CaJ) from orthogonal. The horizontal-anterior canal pairs consistently formed acute angles, and the anterior-posterior and horizontal-posterior canal pairs formed obtuse angles. Synergistic canal pairs deviated from parallel in both strains, with the For physiologic testing of responses of a particular semicircular canal, the canal is usually rotated into the earth-horizontal plane. Calculations of average angles of pitch and roll required to perform this maneuver for each strain of animal are displayed in Tables 5A and 5B . Averages of 17.8-(CBA/CaJ) and 32.6-(C57Bl/6J) of pitch rotation about the y-axis were required to bring the horizontal canals into an earth-horizontal position. An alternate horizontal plane to the one used here is described by the line connecting the lambda and bregma suture (Slotnick and Leonard 1975) . To facilitate positioning in situations where that plane is used as the basis for a stereotaxic system, the relationship between that plane and the plane used here was measured. The lambda-bregma horizontal was found to deviate anteriorly upward 4.3-T 1.5-(CBA/CaJ) and 9.6-T 5.2-(C57Bl/6J) from the horizontal plane defined by the centers of the external auditory meati and the point where the incisors emerge from the maxilla.
Prime direction vectors were calculated by taking the cross product of the unit normal vectors of each canal's ipsilateral canals. Comparison to the unit normal angles shows a clear deviation between the two vectors. For the CBA/CaJ strain, the prime direction vectors are between 5.85-and 15.00-away from the normal unit vectors. The C57 mice deviate 9.91--14.90-from the unit vectors. Angles between prime direction vectors were obtained by calculating their dot products. Ipsilateral prime directions are nonorthogonal, and angles between the prime directions of contralateral canal pairs are noncoplanar. These data are depicted in Tables 6A and 6B .
DISCUSSION
Anatomic analysis of canal planes in mice shows that the canals are noncoplanar and nonorthogonal and 156 CALABRESE AND HULLAR: Mouse Semicircular Canal Planes vary significantly from one strain to another. Data reported here are consistent with previous studies of the labyrinth. The radius of curvature averaged across all three canals in the mouse was found to be 0.859 mm, comparable to the 0.94 mm reported by Jones and Spells (1963) for the jerboa mouse, a rodent in the related family Dipodidae. The radius of curvature of the anterior canals in both strains of mice was larger than the radii of the horizontal and posterior canals, a relationship that has been reported in other species including cat (Blanks et al. 1972) , guinea pig (Curthoys et al. 1975 ), human (Blanks et al. 1975a Spoor and Zonneveld 1998) , rhesus and squirrel monkey (Blanks et al. 1985) , and bird (Landolt and Correia 1980; Dickman 1996; Dickman and Fang 1996) . The mouse canals are close to planar, with a maximum angle of divergence from the canal plane ranging from 3.8-to 12.6-. This is approximately the same value determined for rhesus and squirrel monkeys, although these species appeared to have a more nonplanar anterior canal (Blanks et al. 1985) and less than that reported for toadfish (Ghanem et al. 1998) and pigeon (Landolt et al. 1975; Dickman 1996) . Current limitations in imaging technology prevented an assessment of the minor radius and cross-sectional areas of the canals. Determination of these dimensions must await further improvements in imaging technology or the use of histologic techniques.
Much of the value of knowing the directions of canal planes lies in the assumption that canal planes represent the planes of maximum afferent sensitivity. Differences between the anatomic planes of the canals and their planes of maximum sensitivity may arise from variance in the shape and size of the bony canal and the membranous duct, the departure of the canals from a strict toroidal shape, and the fluid mechanics of the endolymph system (Ghanem et al. 1998; Rabbitt 1999) . Divergences in the two planes (anatomic and physiologic) have been reported for several species: 4-for the horizontal canal and 5-for the posterior canal in rhesus monkey (Reisine et al. 1988) ; 10-for the horizontal canal and 8-for the posterior canal in pigeons (Dickman 1996) ; and 6.5-for the horizontal canal and 10.2-for the posterior canal in cats (Blanks et al. 1975b) . In situations where canals are relatively nonplanar, angles between anatomic and physiologic canal planes may be higher. In the pigeon, the anatomic and physiologic anterior canal planes differed from 26-to 56-, with the wide range due to the dihedral shape of the anterior canal in this animal (Dickman 1996) . By calculating the weighted averages of the anatomically determined anterior canal planes, the difference between the pigeon's anatomic and physiologic canal planes became significantly less with a value of 6.3- (Dickman 1996) . Given the relative planarity of the mouse canals and the above results, their anatomic and afferent response planes are likely to lie close together. Afferent nerve recordings are required to confirm this hypothesis.
Rotational vector direction
Rotations in the plane of the horizontal canal are commonly performed during physiologic testing. The horizontal canals are tilted 17.8-(CBA/CaJ) and 32.6-(C57Bl/6J) anteriorly upward from the plane defined by the centers of the external auditory meati and the incisor bar. It may be argued that the differences in labyrinthine orientation between strains are simply because of the differences between the positions of the skull landmarks used to define the horizontal plane, and not because of the orientations of the canals within the skull. However, using the lambda-bregma line as an independent set of landmarks for a horizontal plane (Slotnick and Leonard 1975) , ANOVA tests did not indicate an improved correlation between the vector components of the canal orientation vectors. The noncorrelation between the two strains of mice does not therefore appear to be an artifact of the particular reference frame used in this study.
Orientation and orthogonality of canals
Ipsilateral canal planes were found to deviate from orthogonality by 1.6--11.3-in C57Bl/6J mice and 0.4--12.3-in CBA/CaJ mice. This is in the range of other reported species, with the canals of the cat ranging from 0.38-to 4.23- (Blanks et al. 1972) , turtle from 5.67-to 9.83- (Brichta et al. 1988) , and albino rat from 0.2-to 12.3-(Cummins 1924). The C57Bl/6J and CBA/CaJ mice also show a deviation from parallel between contralateral, synergistic pairs of canals. A range of 7.84--11.81-was observed in both of the strains of mice, which coincides with observations in other studies: 4.81--14.91-in turtle (Brichta et al. 1988 ), 12.49--14.49-in cat (Blanks et al. 1972 , and 3.3--20.0-in pigeons (Dickman 1996) . Other studies show greater ranges of deviations from parallel: 11.1--33.2-in toadfish (Ghanem et al. 1998) and 15.32--26.78-in rabbit (Mazza and Winterson 1984) . In some species, such as turtle (Brichta et al. 1988 ) and rabbit (Mazza and Winterson 1984) , the orientation of the canals differs so significantly from orthogonal that it has been suggested that the animals are particularly sensitive to rotations in some directions relative to others. However, the deviations from orthogonal reported here in mice are unlikely to be large enough to constitute a strongly preferential sensitivity to movements in particular directions.
Prime direction vectors and angles
Nonorthogonal semicircular canals, such as the mouse canals described here, do not respond to rotations independent of one another, leading to difficulties interpreting the signals supplied by each canal. Rabbitt (1999) has therefore proposed that vestibular signals are understood in the frame of reference of prime directions. Rotations about a canal's prime direction vector should elicit a null response from its two ipsilateral canals. Only in the special case where the canals are perfectly orthogonal to each other the prime direction vectors are identical with each canal's unit normal vector. Prime direction vectors in both strains of mice studied here showed deviation from the unit normal vectors of between 5.85-and 15.00-, reflecting the nonorthogonality of the mouse semicircular canals.
Reliability of measurements
The small sample size used here made correcting for multiple comparisons impractical in this study. This leads to the possibility that some of the anatomic differences between strains reported here would not prove to be statistically significant if larger samples were studied. Further study of the labyrinthine anatomy of these and other mouse strains will help determine which relationships are relatively constant among strains and which vary more widely.
